Oxidative stress is regarded to play a crucial role in the pathophysiology of pulmonary arterial hypertension (PAH) and inoperable chronic thromboembolic pulmonary hypertension (CTEPH). This study evaluated the prognostic value of serum oxidative stress markers (malondialdehyde (MDA), total antioxidant capacity (TAC), catalase activity (CAT), and superoxide activity (SOD)) in patients with PAH and CTEPH (n = 45). During 13 months of follow-up (median 9 months), clinical deterioration occurred in 14 patients (including 2 deaths). On the Cox regression analysis, MDA, TAC, and CAT were associated with clinical deterioration (p = 0:0068, HR = 1:42, 95% CI: 1.10-1.82; p = 0:0038, HR = 0:033, 95% CI: 0.0032-0.33; and p = 0:046, HR = 0:20, 95% CI: 0.04-0.98, respectively). There was no significant difference in SOD (p = 0:53, HR = 0:97, 95% CI: 0.87-1.08). The cutoff value derived from ROC curve analysis was 3.79 μM (p = 0:0048, AUC = 0:76, 95% CI: 0.62-0.91) for MDA, 0.49 mM (p = 0:027, AUC = 0:71, 95% CI: 0.18-0.47) for TAC, and 1.34 U/L (p = 0:029, AUC = 0:71, 95% CI: 0.55-0.86) for CAT. MDA in the group with deterioration was higher (p = 0:0041), while TAC as well as CAT were lower (p = 0:027 and p = 0:028, respectively) when compared to stable patients. Survival without clinical deterioration was significantly longer in patients with lower MDA (p = 0:037, HR = 0:37, 95% CI: 0.12-1.14, log-rank), higher TAC (p = 0:0018, HR = 0:19, 95% CI: 0.06-0.60, logrank), and higher CAT (p = 0:044, HR = 0:31 95% CI: 0.11-0.88, log-rank). Markers of oxidative stress such as MDA, TAC, and CAT were associated with adverse clinical outcomes in patients with PAH and inoperable or residual CTEPH.
Introduction
Pulmonary arterial hypertension (PAH) is a progressive disease characterized by the proliferation and vasoconstriction of pulmonary arterioles resulting in an increase of pulmonary pressure and pulmonary vascular resistance that might lead to right ventricle failure and eventually death [1] . Similarly, remodeling of distal pulmonary arteries in inoperable chronic thromboembolic pulmonary hypertension (CTEPH) results in gradual right ventricle deterioration. The etiology of PAH is complex and multifactorial including genetic factors, usage of toxic substances, connective tissue diseases, congenital heart diseases, and portopulmonary hypertension, while the etiology of CTEPH is thromboembolic. CTEPH develops when the clot does not resolve and transforms into fibrous tissue occluding the pulmonary artery.
Characteristics of CTEPH include also dysfunction and remodeling of the pulmonary microvasculature similar to the arteriopathy of PAH. Pulmonary endarterectomy (PEA) is the gold-standard treatment for patients with CTEPH with changes localized in the proximal pulmonary artery, while for patients who are ineligible for surgery or have persistent pulmonary hypertension following PEA, percutaneous baloon pulmonary (BPA) angioplasty or targeted medical therapy can be administered [2, 3] . Nevertheless, despite the different etiologies of PAH and CTEPH, symptoms of the right ventricle failure as a result of precapillary pulmonary hypertension are common for both groups. The development of modern treatment including specific drugs in PAH and CTEPH, as well as a growing number of invasive balloon pulmonary angioplasties (BPA) in CTEPH whose effect is to decrease the overload of the right ventricle, improves outcomes [3] [4] [5] [6] [7] . However, it still remains under debate which clinical and laboratory parameters have the highest prognostic value in patients' risk stratification and determining the optimal time of therapy escalation remains a challenge for physicians. Among blood markers, only brain natriuretic peptide (BNP) and N-terminal-pronatriuretic peptide (NT-pro-BNP) are widely used validated prognostic biomarkers included in the multiparametric risk assessment approach according to the European Society of Cardiology guidelines [8] .
Chronic upregulated inflammatory response has been widely acknowledged as a crucial pathogenic element of PAH and inoperable CTEPH [9, 10] . As shown using in vitro and in vivo experimental models and clinical data, oxidative stress, an imbalance between the generation of reactive oxygen species (ROS) and the biological system's ability to detoxify the reactive intermediates or to repair the resulting damage, appears as a significant mediator in the pathophysiology of PAH. Chronically increased ROS levels can uncouple endogenous nitric oxide (NO), which otherwise has a protective role, via the oxidation of its cofactors or direct oxidation which results in the production of superoxide (O 2
•-), further scavenged by NO to form peroxynitrite (ONOO -). Elevated levels of this product can in turn diminish endothelial nitric oxide synthase and prostacyclin synthase [11] [12] [13] [14] [15] . This subsequently leads to decreased vessel capacity to produce vasodilators such as NO and prostacyclin. Moreover, ROS and peroxides upregulate the COX expression, which eventually leads to the inactivation of prostacyclin synthase and an increase in thromboxane A2 [16, 17] . All in all, this supports endothelial dysfunction, vasoconstriction, and increased vascular tone [16, 18, 19] . Moreover, oxidative stress may directly or indirectly promote inflammation by the activation of stress kinases such as c-Jun activated kinase, extracellular signal-regulated kinase, p38, and redox-sensitive transcription factors, such as nuclear factor-(NF-) κB and activator protein-1 [20] . Such induction of inflammation may further contribute to PAH progression and worsening of its outcome [21, 22] . The relation between oxidative stress in patients with PAH and inoperable CTEPH has been not fully explored. However, it has been preliminary shown that CTEPH patients may reveal increased serum malondialdehyde (MDA) while superoxide dismutase con-tent may be decreased in PAH [23] . Patients with PAH have also been demonstrated to exhibit increased plasma MDA level [24] . The other study has shown that patients with chronic obstructive pulmonary disease combined with PAH displayed higher serum levels of reactive oxygen species and superoxide dismutase but surprisingly lower MDA concentration than patients with pure COPD [25] . Considering that oxidative stress may play an important role in the remodeling of the precapillary pulmonary arteries and associated events, it is of high interest to further explore whether its markers may have a prognostic value on disease progression and outcome in PAH and CTEPH.
The present study assessed the prognostic value of the following serum markers of oxidative stress in patients with PAH and inoperable or residual CTEPH: MDA concentration, total antioxidant capacity (TAC), and activities of superoxide dismutase (SOD) and catalase (CAT). All of these parameters are broadly employed to evaluate redox balance in various clinical conditions [26] [27] [28] [29] . MDA is a hallmark of the peroxidation of lipids (one of the adverse outcomes of oxidative stress [30] ); TAC reflects the overall balance between free radicals and low molecular weight, chain breaking antioxidants [31] ; and SOD and CAT are the main elements of the enzymatic antioxidant system [32] . This was revealed for the first time when a follow-up (up to 13 months) was performed in patients with PAH and CTEPH after the level of oxidative stress markers was evaluated. The study contributes to the understanding of the prognostic role of selected biochemical markers in the outcome of these diseases.
Materials and Methods
2.1. Patients. Forty five patients (PAH, n = 28, and CTEPH, n = 17) were studied. The PAH group included patients with IPAH (54%, n = 15) and PAH associated with congenital heart disease (32%, n = 9) and connective tissue disease (14%, n = 4). Most patients had WHO FC II and were predominantly female. The CTEPH group included patients with inoperable lesions in pulmonary arteries (88%, n = 15) as well as patients after pulmonary artery thromboendarterectomy (PEA) with residual pulmonary hypertension after operation (12%, n = 2). Detailed baseline characteristics are shown in Table 1 . Haemodynamic data and targeted treatment are shown in Table 2 . The study group included approximately 80% of the population of patients in western Poland, treated with PAH-and CTEPHspecific drugs in 2017-2019 in the Poznan University of Medical Sciences.
The diagnosis of PAH and CTEPH was established on approved criteria [8] and confirmed by right heart catheterization. Operability of vascular lesions in CTEPH was assessed by a multiexpert team including a thoracic surgeon experienced in PEA and a cardiologist trained in BPA. When the vascular lesions in CTPEH were classified as inoperable, the BPA procedure was performed and treatment with riociguat was started simultaneously. In each patient, BPA was performed as a series of staged procedures. All BPAs were made via the right femoral vein approach under fluoroscopic control. At the beginning of the procedure, an intravenous bolus of unfractionated heparin (2000-5000 units) was administered, and then, heparin doses were repeated after each hour of the procedure. Typically, a MP, JR4, or JL4, 6F guiding catheter (Launcher; Meditronic, Minneapolis, MN, USA) was introduced into the right or left pulmonary artery with the use of a 90 cm 6F vascular sheath (Flexor; Cook, Bloomington, IN, USA) to achieve a selective approach to the target vessel. Then, 0.014-inch guidewires (Whisper MS; Abbott Vascular, Santa Clara, CA, USA; Sion Blue, Asahi, Japan) were passed through the lesions and placed distally in the subsegmental artery. Subsequently, the target branches were dilated with multiple balloon inflations using semicompliant balloon catheters with a size between 1.25 and 10 mm. The balloon parameters were adjusted to the type of lesion assessed with angiography. The next steps include contrast injection into the treated vessel and the evaluation of the angiographic effect of the procedure. A series of BPA was terminated when the mPAP was lower than 25 mmHg or when there were no treatable lesions in angiographic assessment. Furthermore, all individuals underwent medical assessment, performed in a serial fashion, every 3-6 months: medical interview with determination of the WHO functional class (FC), physical examination, blood sample collection for routine analysis, transthoracic echocardiography, 6 min walk distance (6MWD), and cardiopulmonary exercise test (CPET). The end point of clinical worsening comprised of WHO FC change, the need for esca-lation of therapy, unscheduled hospitalization due to disease progression, or death.
Serum Collection.
Peripheral venous blood samples of studied patients were collected after overnight fasting. Following centrifugation at 1000 × g for 10 min, the serum was collected and stored at −80°C. The study was approved by the Local Bioethical Committee of the Poznan University of Medical Sciences in Poland (approval no. 531/17; date of approval: 11th May 2017). All patients signed a written consent form. The total antioxidant capacity (TAC), malondialdehyde (MDA) content, and activity of catalase (CAT) and superoxide dismutase (SOD) were analyzed in the collected serum.
2.3. Total Antioxidant Capacity. TAC was assessed by a method adapted from Rice-Evans and Miller [33] which is based on the antioxidant-induced inhibition of the absorbance of the radical cation of 2,2 ′ -azino-bis (3-ethylbenzothiazoline 6-sulphonate) (ABTS). The ABTS radical cation is formed by the interaction of 150 μM ABTS with the ferrylmyoglobin radical species, generated by the activation of 2.5 μM metmyoglobin with 75 μM H 2 O 2 . Antioxidant agents suppress the formation of the ABTS radical cation. The assay was performed with the use of the Antioxidant Assay Kit (Sigma-Aldrich, USA). Briefly, ABST, myoglobin, and 10 μL of serum were mixed, and the reaction was initiated by the addition of H 2 O 2 . Following the incubation for 5 min at 21°C, the absorbance of the product was read at 735 nm and compared to a calibration curve prepared using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), a water soluble analogue of vitamin E commonly used in antioxidant assays as a standard antioxidant [31] ) (0.0-2.0 mM; r 2 = 0:98) and given as mM Trolox equivalents. Three technical replicates were performed for each serum sample.
2.4. Malondialdehyde Concentration. Lipid peroxidation was evaluated by means of serum levels of thiobarbituric acidreactive substances (TBARs) that include malondialdehyde (MDA), one of the most commonly reported biomarkers of lipid peroxidation in clinical studies [26] . Here, the MDA concentration was assessed using a TBARS Assay Kit provided by Cayman Chemical (Ann Arbor, MI, USA). Thawed serum samples (100 μL) were supplemented with butylated hydroxytoluene to prevent artificial lipid peroxidation. The samples were then centrifuged (1600 × g, 10 min, 4°C) to remove insoluble material, and 100 μL of supernatants were transferred to a microcentrifuge tube and supplemented with 800 μL of thiobarbituric acid (TBA) to generate an MDA-TBA adduct. To accelerate the process, samples were incubated at 95°C for 60 min, placed on an ice bath for 10 min to inhibit the reaction, and centrifuged (1600 × g, 10 min, 4°C). The final product was measured colorimetrically at 532 nm), and the absorbance values were compared to a calibration curve prepared using the MDA standard (0.0-50.0 μM; r 2 = 0:99) (Cayman Chemical, USA). Three technical replicates were performed for each serum sample. 
Results
During 13 months of follow-up (median 9 months), clinical deterioration occurred in 14 patients (including 2 deaths).
On the Cox regression analysis, MDA, TAC, and CAT were associated with clinical deterioration (p = 0:0068, HR = 1:42 , 95% CI: 1.10-1.82; p = 0:0038, HR = 0:033, 95% CI: 0.0032-0.33; and p = 0:046, HR = 0:20, 95% CI: 0.04-0.98, respectively). There was no significant difference in SOD (p = 0:53, HR = 0:97, 95% CI: 0.87-1.08). The cut-off value derived from ROC curve analysis was 3.79 μM (p = 0:0048, AUC = 0:76, 95% CI: 0.62-0.91) for MDA, 0.49 mM (p = 0:027, AUC = 0:71, 95% CI: 0.18-0.47) for TAC, and 1.34 U/L (p = 0:029, AUC = 0:71, 95% CI: 0.55-0.86) for CAT. Survival without clinical deterioration was significantly longer in patients with lower MDA (p = 0:037, HR = 0:37, 95% CI: 0.12-1.14, log-rank, Figure 1(a) ), higher CAT (p = 0:044, HR = 0:31, 95% CI: 0.11-0.88, log-rank, Figure 1(b) ), and higher TAC (p = 0:0018, HR = 0:19, 95% CI: 0.06-0.60, log-rank, Figure 1(c) ). There was no difference in serum TAC, MDA, CAT, and SOD between PAH and CTEPH groups. The observed levels of studied parameters are presented in Table 3 . Prostacycline treatment was associated with worse prognosis on the Cox regression analysis (p = 0:004, HR = 5:38, 95% CI: 1.71-16.95). There was, however, no difference in TAC, MDA, CAT, and SOD between patients receiving prostacyclines and those without their use (Table 4) .
Patients with clinical deterioration were significantly more frequent in WHO FC III or IV (p = 0:0:17), had lower peakVO 2 derived from pulmonary exercise test (p = 0:039), had more frequent fluid in the pericardium (p = 0:023), and had higher concentrations of troponin I (p = 0:017) and MDA (p = 0:0041), while activities of TAC (p = 0:027) and CAT (p = 0:028) were significantly lower compared to stable patients ( Table 5 ).
Discussion
There is a large body of evidence that increased oxidative stress contributes to PAH pathogenesis. Elevated levels of urinary F2-isoprostanes, a biomarker of lipid peroxidation, was documented in patients with PAH and correlated inversely with vasoreactivity [34] . Moreover, F2-isoprostanes decreased in urine after epoprostenol treatment and correlated with hae-modynamic and clinical improvement [35] . Similarly, vardenafil reduced the levels of oxidative stress biomarkers (such as 8-iso-prostaglandin-F2α and 3-nitrotyrosine in PAH patients), significantly increased endothelial NO synthase expression and superoxide dismutase activity, and downregulated nicotinamide adenine dinucleotide phosphate oxidase expression in rat lung tissue [36] . Oxidized guanosine was also elevated in the lungs of patients with PAH [37] .
Recently, we have documented that neopterin concentration which increases the cytotoxic potential of activated macrophages and dendritic cells through promoting oxidative stress was elevated compared to the control group and predicted adverse outcomes in patients with PAH and inoperable CTEPH [38] . The results of another study show that SOD and glutathione peroxidase (GPx) activity are reduced in IPAH lungs, compared to healthy controls [39] . In the study of Irodova et al., MDA level was increase in PAH patients compared to healthy controls and was most pronounced in patients with severe pulmonary hypertension, while the results of glutathione peroxidase activity were inconclusive [24] . In animal models, in mutant bone morphogenetic protein receptor 2 mice, hyperoxia contributed to disease exacerbation [40] .
An increasing number of studies focus on the evaluation of oxidative stress markers in various human diseases and treatment outcomes [24, 41] . For example, their value has been shown in predicting neurological outcome in postsurgical aneurysmal subarachnoid hemorrhage patients [42] , mortality in hemodialysis patients [43] , risk of complications in type 2 diabetes [44] , and prognosis in colorectal and lymphocytic leukaemia [45, 46] . Their potential prognostic value in the clinical outcome of cardiovascular diseases (CVD) has also been highlighted with MDA, SOD, and CAT being one of the most promising biomarkers in this regard [47] . However, their use must be specified for particular clinical conditions.
In the present study, a set of four oxidative stress biomarkers in serum has been taken into account: CAT and SOD activity, MDA concentration, and TAC. The former two represent the core of an enzymatic antioxidant system: the general function of SODs is to catalyze the conversion of superoxide radical to H 2 O 2 , while CAT further converts it into water. As shown in vivo, SOD and CAT mimetics can reverse pulmonary vascular remodeling and PAH [48] . It is thus plausible that the activities of these enzymes may have a prognostic value in patients with PAH and CTEPH. The present study confirmed such value only in the case of CAT, which has one of the highest catalytic activities reported, close to the diffusion-controlled limit, thus playing the main role in the detoxification of H 2 O 2 . No effect was identified for SOD which is an interesting finding if one considers that patients with chronic obstructive pulmonary disease (COPD) combined with PAH were previously demonstrated to reveal significantly higher serum SOD levels than subjects with pure COPD [23] . However, it should be noted that various studies in patients with clinical conditions different from that of PAH have already produced contradictory results regarding CAT and SOD values [49] . This may result from a complex nature of interactions between these enzymes-as demonstrated, the accumulation of high contents of superoxide anion can additionally decrease CAT activity, whereas the increased H 2 O 2 resulting from CAT inhibition can finally suppress SOD activity [50, 51] . Last but not the least, it should also be stressed that the measurement of activity of antioxidant enzymes may not be sufficient enough to unambiguously recognize whether tissues cope with ROS and oxidative stress or not; e.g., their high or low activities may represent a homeostatic redox state, a response to increased ROS level, or might as well be a result of the prolonged, harmful effect of oxidative stress [36] .
The prognostic value was also demonstrated for the serum concentration of MDA, which along with 4hydroxy-2-nonenal, is a major genotoxic product of lipid peroxidation [30] . This is unsurprising given the fact that peroxidation of lipids is known to be increased in various CVD, including PAH [26] . It has also been shown that MDA can have a prognostic value for survival in various groups of patients [52, 53] . An additional advantage of using MDA as a potentially prognostic marker of clinical outcome is that the performance of assays based on TBARS is relatively not difficult and not highly time-consuming, and a number of assay kits are commercially available. Investigating TAC is even less time-consuming and can provide a global information on the availability of enzymatic and nonenzymatic antioxidants, and free radicals and products of their reactions. In contrast, measuring specific antioxidant assays are expensive and cumbersome in performance and can only provide limited data on the assessed antioxidants [31, 54] . Importantly, in patients studied in the present research, TAC displayed the highest prognostic value. It is plausible that patients with PAH and inoperable CTEPH are undergoing chronic oxidative stress manifested on various molecular and biochemical levels, and the evaluation of TAC under such conditions may provide a more generalized but at the same time more accurate information on how redox imbalance may affect disease outcome and patient survival.
In the study group, 14 patients were treated with prostacyclines (treprostinil or iloprost). This may in turn potentially affect a systemic redox imbalance as these pharmaceuticals are regarded to reduce oxidative stress [35, 37] . However, the present study found no difference in TAC, MDA, CAT, nor SOD in patients receiving prostacyclines compared to patients treated with specific drugs acting through other pathways. On the other hand, according to the ESC guidelines, parental prostacyclines are recommended in more advanced disease (WHO FC III or IV) [8] , which may explain the results of oxidative stress biomarkers with respect to targeted drug therapy. Indeed, in the study group, prostacycline treatment was associated with a higher probability of clinical worsening which may imply that in a nonselected population of patients, the potential positive effect of prostacyclines is diminished by disease severity.
As shown in Table 3 , among the validated widely used prognostic clinical factors, WHO FC and peakVO 2 derived from pulmonary exercise test and fluid in the pericardium significantly distinguished stable patients from patients with clinical worsening. These results suggest that a pulmonary exercise test has a higher value than 6MWT in disease prognostication. Interestingly, among the laboratory parameters, higher concentrations of troponin I (laboratory normal limits 0.056 ng/mL) and MDA and lower activities of TAC as well as CAT were observed in patients with clinical deterioration compared to stable patients, which indicate that studied oxidative stress biomarkers and troponin I may precede the change in NT-pro-BNP and measured simultaneously can be a better prognostic tool than NT-pro-BNP alone.
Although the study provided new insights into the prognostic value of oxidative stress markers in PAH and CTEPH, one should acknowledge its limitations. Firstly, this research encompassed a small cohort size and the observations would require confirmation from a larger population. Therefore, the reported findings should be considered as preliminary. Secondly, due to the small group of studied patients, we were unable to perform multivariable analysis. Although the selected markers and complimentary markers of oxidative stress were selected, there are number of other relevant antioxidant agents (e.g., glutathione and metal-binding proteins [55, 56] ) or parameters related to oxidative damage (e.g., protein carbonylation [57] ) that could also be potentially associated with patient outcome. Moreover, as long as the measurement of TAC, MDA, CAT, and SOD in serum provides an overview of systemic redox balance, it provides no real mechanistic insight into their role in PAH and CTEPH. Last but not least, the findings of the present study should rather be treated as of associative nature, not truly predictive, since the oxidative markers were not measured in sequential fashion or compared to baseline prior treatment.
Conclusions
In summary, serum markers of oxidative stress such as MDA concentration and TAC and CAT activities were associated with adverse clinical outcomes in patients with PAH and inoperable or residual CTEPH. MDA and TAC appeared to have the superior prognostic value.
